Abstract-In cellular systems, the combination of Device-toDevice (D2D) communication and relaying is an efficient means for improving network coverage and transmissions quality without additional infrastructure deployment. It enables communication between user pairs in situations when both their direct D2D transmission and the traditional communication via the base station experience poor channel quality. In this paper, we propose a joint relaying-operation selection and power-allocation scheme, herein called HyD2D, for relay-assisted D2D communication in Rician fading environment. The target is to choose the set of communication links that minimizes the power consumption, while ensuring a minimum success probability. To overcome the nonconvexity of the outage probability constraints under Rician fading, we use the concept of coherent-measure-of-risk from the field of finance. We therefore obtain a linear programming formulation that we can efficiently solve. Simulations show that HyD2D selects the most energy-efficient relaying operation that satisfies the success probability requirement, while leveraging only statistical channel state information.
between the base station and a mobile user (in or out of coverage) is supported by mobile users that operate as relays [4, 5] . In the other type, two users communicate with each other bypassing the base station, but with the help of other users operating as relays [6, 7] . This paper focuses on the latter type, that we referred to as relay-assisted D2D communication; a scenario example is illustrated in Fig. 1 .
Depending on the ability of the relays to receive and transmit using the same time-frequency resources, FullDuplex (FD) and Half-Duplex (HD) relaying provide a tradeoff between spectral efficiency and interference avoidance. While FD relays can transmit and receive simultaneously on the same channel, thus achieving higher spectral efficiency, their performance can be severely degraded by the SelfInterference (SI) [8] .
Power allocation is a useful technique for reducing the interference in a wireless network and, at the same time, extending the lifetime of the mobile devices. Energy efficiency is therefore a crucial requirement for cellular networks, especially in relay-aided communications in which relays sacrifice their battery-limited lifetime for the data transmission of other users. Towards this end, several works have focused on power control techniques for relay-networks. For relays without buffering capabilities, Rodriguez et al. [8] used instantaneous Channel State Information (CSI) for optimal power allocation with Gaussian codebooks, while the authors of [9] and [10] derived the optimal power allocation under joint global and individual power constraints. A hybrid FD-HD relaying scheme was developed in [11] , offering improved performance compared to FD-or HD-only relaying. More recently, the concept of buffer-aided relaying has increased the flexibility of the power allocation problem. Algorithms for buffer-aided FD and successive opportunistic relaying have been proposed in [12] and [13] , assuming instantaneous CSI.
Because channel conditions may vary rapidly, it is more reasonable in practice to assume statistical rather than instantaneous CSI. As with instantaneous CSI, statistical CSI can be used for transmission optimization. For example, many works in the literature have focused on analyzing and computing the outage probability of Rayleigh fading channels [4, 6, 7] . Modeling the communication links with Rayleigh fading is reasonable when the line-of-sight (LoS) components of the signals are negligible. However, in the context of D2D network, the short distance between the nodes and the low antenna height of the mobile devices are likely to cause a prominent LoS component. Therefore, it is more appropriate to model the D2D links as Rician fading channels. Analysis of the performance of relay systems under Rician fading conditions can be found in [14] . However, with the exception of the authors' recent work [15] , optimization schemes that account for channel uncertainty under Rician fading are still missing in the literature. This is mainly due to the rather complex form of the Rician distribution, which gives outage probability expressions that are difficult to include in an efficiently solvable optimization formulation.
In this work, assuming Rician-fading D2D channels, we propose a Hybrid-D2D (HyD2D) algorithm that jointly selects the relaying mode between FD, successive relaying (see Section II-B) and HD, and assigns the transmission powers to the involved nodes. HyD2D handles the random variations of channels by introducing a new form of outage constraints based on the notion of coherent-measure-of-risk [16, 17] from risk theory. The connection between the concept of uncertainty in risk theory and in wireless systems allowed us to formulate a convex robust optimization problem for relaying-mode selection and power minimization.
II. SYSTEM MODEL AND ASSUMPTIONS

A. System topology
We consider a single-cell scenario, where direct transmission between mobile users is also allowed on the cellular spectrum. Each transmitter and her intended receiver are assigned to a dedicated frequency channel. This means that intra-cell interference can be added only by possible relays that help the communication between two users by reusing their assigned channel. As illustrated in Fig. 1 , we focus on the communication between two mobile users, labeled as Source ( ) and Destination ( ). We consider the situation in which these two users are unable to communicate successfully either via the base station (cellular communication) or via direct link (one-hop D2D communication) because of the unfavorable channel condition that experiences towards both the base station and . In such scenario, we say that is in out-of-range with respect to both the base station and the transmitter . Nevertheless, we assume that within the cell there are other users that are in-range with respect to both and and might act as Decode-and-Forward (DF) relays. We assume that the relay-discovery phase has already been performed; that is, the network has identified the presence of nodes suitable for relaying. The objective of this work is to select the relay node(s) and the relaying operation (see Section II-B) that boost the performance of the communication from S to D the most.
B. Relaying modes
We indicate with ℛ the set of all relay candidates, which are all equipped with two antennas and can operate in FD mode. Each relay holds a buffer (data queue) of finite length that stores the decoded data from that can be forwarded to . We consider three possible relaying operations to support the communication from to , as illustrated in Fig. 2 :
• Full-Duplex (FD) relaying: the same relay transmits and receives simultaneously on the same channel. This mode enhances the spectral efficiency but introduces SI; • Successive Opportunistic (SO) relaying: because we assume multiple buffer-aided relays, two different relays can simultaneously use the same channel: one to receive data from and another one to transmit data to . In this case, cross-interference between the two relays occurs; • Half-Duplex (HD) relaying: either a transmission from to a relay or from a relay to may take place on the given channel. This mode is used, if possible, when no feasible solution exists for the FD and SO modes. The system operation is divided into time-frames during which the channels statistics remain unchanged. At the beginning of each frame, a relaying mode is selected and used for the remaining frame duration.
C. Channel model
We indicate with ℎ the channel coefficient of the link between nodes and , where , ∈ { , } ∪ ℛ. The coefficients ℎ represent the effect of path loss, shadowing and frequency nonselective fading, and are modeled as independent complex Gaussian random variables with [|ℎ
The distribution of ℎ depends on whether or not there is a LoS component between the transmitter and receiver .
Mobile users for which it is reasonable to set up a D2D link (that is, the Source-Relay and the Relay-Destination links) are usually physically close to each other and their communication is likely to be dominated by the LoS component. Thus, we model those links as Rician fading channels [18] :
whereh are independent identically distributed complex Gaussian random variables with zero mean and unit variance.
The Rician K-factor ≥ 0 represents the ratio of the power of the LoS component to the power of the scattered components of the transmission from to . When considering FD operation, the transmitting and receiving antennas are physically very close to each other; therefore, there actually exists a strong LoS component between them, leading to large values of when = . However, after applying SIcancellation mechanisms, the LoS power can be reduced and so the K-factor [19] .
We assume no LoS between the relays. We therefore set = 0 when , ∈ ℛ and ∕ = , corresponding to assuming Rayleigh fading channels between the relays. This assumption can be modified without changing the following analysis if more information is known about the inter-relay channels.
Given the random variables ℎ , the corresponding channel gains are obtained as = |ℎ | 2 , which are exponentially distributed in the case of Rayleigh fading, and with noncentral 2 distribution in the case of Rician fading.
III. PROBLEM FORMULATION
A. Preliminaries
Let be the transmission power used by node , where ∈ { } ∪ ℛ, and 2 the thermal noise power at all receivers ∈ ℛ ∪ { }. Because of the power attenuation, typical of wireless networks, node receives a power level . Referring to the system model in Fig. 2 , the instantaneous signal-to-interference-plus-noise ratio (SINR) from to , and the signal-to-noise ratio (SNR) from to are given by
where P = [ ] is the vector of the assigned transmission power, and G = [ ] is the vector of the channel gains. Note that in HD mode the inter-relay interference becomes zero; that is, = 0 in (2). We define the QoS of a link in terms of measured S(I)NR. Therefore, the QoS requirement of the transmission from transmitter to its intended receiver is met if the S(I)NR exceeds a given threshold 0 . In other words, we consider the link from node to node , which we indicate by { − }, to be in outage when (P, G) < 0 . We denote the outage probability at receiver by ℙ ( (P, G) < 0 ) .
B. Relaying scheduling and power allocation
Our goal is to select a set of links, which depends on the chosen relay node(s) and relaying mode, such to guarantee at least q th probability of successful communication with the minimum power consumption. Because relays with empty buffers cannot transmit data and those with full buffers cannot receive data, they are excluded from the selection process.
For spectral efficiency, we first seek for the optimal set of links in case of FD and SO relaying; that is, we want to identify the optimal link-pair { − ★ , ★ − }, (with ★ = ★ for the FD case). This is done by solving the following optimization problem for each possible link-pair { − , − }, for the FD and SO relaying modes:
For each link-pair { − ★ , ★ − } (with ★ = ★ for the FD case) solution to (4), when it exists, there is a power consumption ≜ + . The optimal relaying mode is the one corresponding to the minimum power consumption.
If the FD and SO modes fail (that is, (4) has no feasible solution in both cases), then, the activation of HD relaying is attempted based on the following optimization problem:
Optimization (4) (and (5)) can be efficiently solved when the channel gains are all exponentially distributed, which is the case of Rayleigh environment. When considering Rician fading, the computation of the outage probability becomes harder because of the integration of the 2 distribution. Although such a closed-form expression is available (see, e.g., [18, 20] ), it remains difficult to deal with it in an optimization formulation due to its nonconvexity. We overcome this difficulty by studying the power-control problem in (4) from a risk-theoretic perspective.
IV. POWER ALLOCATION UNDER UNCERTAINTY
A. Preliminaries on risk theory
In risk theory, the objective is to make decisions while minimizing the risk of loss. In our case, the goal is to choose the transmission links and assign the powers such to minimize the risk of outage. We leverage the results in the literature of risk theory to obtain a robust and treatable approach.
For our purpose, we define a function (P, G) that quantifies the loss we occur in when we make a decision P (in our case, assigning the powers) for a random scenario defined by G (in our case, representing the channel gains). Because G is a random variable, (P, G) is also a random variable for a given P. The objective of risk theory is to condense the variations of the loss due to G into a number. This is obtained by means of measure functions that give information about the risk of loss associated with the choice of P. Two common measures of risk are the value at risk (VaR) and the conditional value at risk (CVaR) [16, 17] . For a given confidence value q th ∈ (0, 1), the q th -VaR and q th -CVaR are defined as
Intuitively speaking, q th -VaR( ) is the q th -quantile of the random variable , and it is related to the traditional chance constraint. Differently, q th -CVaR is the expected value of conditioned on the 1 − q th tail of its distribution. This means that q th -CVaR accounts more properly for the lack of knowledge on than q th -VaR, because q th -CVaR is affected by the shape of the distribution over the whole 1 − q th tail. Moreover, unlike VaR, CVaR is a coherent measure of risk (as shown in [16] ), with to the advantageous property of preserving convexity when applied to a convex loss-function. As shown in the next section, for our purposes we will make use of this key characteristic of CVaR. Finally, because q th -VaR( ) ≤ q th -CVaR( ), by replacing a traditional chance constraint with a CVaR constraint, we might achieve a success probability larger than q th .
B. Power allocation under Rician fading
In this subsection, we focus on deriving an efficient solution to (4) , omitting the equivalent analysis that can be done for (5) . To apply the concept of CVaR to the power control in (4), we define the following loss function for receivers and in the FD/SO relaying:
The goal is to keep these functions negative (thus limiting the loss) in order to fulfill SINR constraint of the corresponding receivers. However, because of the randomness of vector G, each loss function is itself a random variable having a distribution induced by G. By introducing the q th -CVaR constraints, we aim at finding the power allocation that properly shapes the distribution of the loss functions to fulfill the success probability requirement. We therefore rewrite (4) as follows
where q th -CVaR( ) is a function of the power vector P. To compute the CVaR with its general definition (6), we need to integrate the distribution of the loss functions, which is difficult in the case at hand. However, in [17] (pp. 24-26) it has been shown that q th -CVaR( ) can be evaluated by means of an auxiliary function as follows
where [⋅] is the expected value. By approximating numerically the expected value with samples of the random vector G, we can rewrite the CVaR constraint in (7) as follows:
Moreover, by linearizing the max-operator, we can rewrite (7) as the following linear programming formulation:
where G = [ ] is the th sample of the random gains vector G. To solve (8), we only need the statistical CSI of the links { − } involved in the optimization problem. In particular, we need to know the coefficients 2 necessary to obtain the samples of the random gains from (1). These coefficients are related to the average channel gains and thus to the physical distance between nodes and . Assuming a low mobility scenarios, they can be updated on a larger time scale than the fast fading time scale. This means that by solving (8) we allocate the transmission power and select the best relaying mode taking into account the fast variations of the channels, but avoiding frequent updates of the instantaneous CSI. The proposed algorithm for a single time frame is summarized in Algorithm 1.
V. NUMERICAL RESULTS
In the numerical evaluations, we use a full-buffer model (i.e., buffers do not overflow or underflow) in a network with Optimal { ★ , ★} is given by ★ ★ : ★ ★ = min . 5: else 6: Solve (8) for the HD mode.
7:
if HD relaying is feasible then 8: Select either { − } or { − } requiring the smallest power.
9:
else 10: No transmission until the frame period is over. For the comparisons, we include both the HyD2D and the HD max−link scheme in [21] with fixed maximum power assigned to the transmitters. These two schemes are labeled in the plots as HyD2D ( max ) and max−link ( max ), respectively. The average channel gains for links { − } and links { − } (with = 1, 2, 3,) are = 0.7. Finally, we set the noise power level to 1mW for all receivers. With this simulation setup, HyD2D activates relay 2 for FD relaying. We evaluate the average throughput over 10000 time-slots. The power levels are obtained from (8) with = 1000, and considering different values of ,max . For simplicity, we set the same max power for and the selected relay (i.e., ,max = max for ∈ ℛ ∪ ). Fig. 3 depicts the impact of ℎ on the average throughput when the K-factor of all Rician channels is set to 4 dB. The average throughput is zero when 0 is never reached at . As expected, when increasing ℎ , HyD2D fulfills the desired performance only when the total available power increases as well. For example, to achieve a success probability of 0.9, HyD2D requires a maximum power level for each transmitter of at least 8.5 dBm (corresponding to 17 dBm in the x-axis). Furthermore, we note that with 2 = 10 −1 , a success probability of 0.99 cannot be achieved with the FD relaying mode, due to the large SI. Conversely, ℎ = 0.99 can be achieved by the HyD2D( max ) scheme due to the fact that it switches to HD mode when FD or SO are not satisfactory. Fig. 4 shows the performance for a lower SI, corresponding to 2 = 10 −5 . Due to more favorable SI conditions than in Fig. 3, HyD2D can meet the QoS requirement better. For example, ℎ = 0.9 can be guaranteed already for a maximum power of the transmitters of at least 7.5 dBm (corresponding to 15 dBm in the x-axis). Furthermore, the FD relaying can now fulfill the demanding success probability of 0.99 when using transmit power of at least 19 dBm. Fig. 5 shows the results when the Rician K-factor is increased to 10 dB and 2 = 10 −1 . We can seen that, compared to Fig. 3 , the larger reduces the situations of outage and the FD relaying mode can fulfill the QoS requirements for a wider range of maximum total power.
A final comparison is shown in Fig. 6 , depicting the impact of ℎ on the average throughput per power unit, for Rician Kfactor equal to 10 dB, and HyD2D( max ) scheme outperforms the max−link ( max ) for a wide range of transmit power values, until both converge to zero when the power consumption becomes very large. On the other hand, after 7 dBm, the proposed HyD2D for minimum power scheduling provides better performance because of the more efficient use of the available power. The power efficiency of HyD2D can be seen also in Table I , which shows the power consumption for different values of ℎ , and the corresponding power reduction with respect to the schemes using the max power for both transmitters. As higher ℎ values are imposed, the required transmit power increases. However even for a value of 0.99, significant power reduction is achieved compared to using the maximum power levels. Thus, HyD2D can provide important power gains when the channel statistics are used to set the powers for the desired ℎ .
Finally, we point out that since the CVaR constraint is more conservative than the traditional chance constraint (or VaR), the D2D communication often achieves a higher success probability than the desired ℎ (e.g., Fig. 4 when ℎ = 0.7).
VI. CONCLUSIONS AND FUTURE DIRECTIONS
We proposed a joint relaying-mode selection and power allocation scheme for relay-assisted D2D communication under Rician fading channels. The algorithm minimizes the power consumption, while ensuring the required success probability of the end-to-end communication. To overcome the complexity of the outage probability constraints under Rician fading, we applied the concept of coherent-measure-of-risk from the field of finance, thus obtaining an efficiently solvable linear programming formulation. Simulations showed the power efficiency of HyD2D, compared to other algorithms under a range of different parameter setups. Our ongoing work includes the consideration of radio-frequency energy harvesting to replenish device batteries, and the use of non-orthogonal multiple access schemes to improve system efficiency.
